Abstract-This paper analyzes possible humidity-related instabilities of polymer electrolyte membrane (PEM) fuel cell (FC) operation that affect electrochemical impedance spectroscopy measurements. The compensation of ohmic resistance variations due to such instabilities, achieved using the well known multisine excitation technique with properly chosen high-frequency harmonic components, is proposed here as a new approach to improve low-frequency measurements. Additionally, this method allows a more accurate determination of equivalent circuit parameters identified from impedance spectra and their uncertainties taking into account correlation between impedances at different frequencies, and thus avoiding uncertainty overestimation of low-frequency parameters (such as transport and activation equivalent resistances) that is likely to occur with classic measurement techniques. The proposed method is experimentally validated on a single PEM FC.
I. INTRODUCTION

E
LECTROCHEMICAL impedance spectroscopy (EIS) is one of the most common techniques employed to study the behavior of electrochemical devices, such as fuel cells (FCs) [1] - [3] , and in particular, it is widely employed for polymer electrolyte membrane (PEM) FC characterization. Its ability to distinguish the different electrochemical processes that define the FC behavior on different time scales makes it a very powerful tool for both research in the design phase and diagnostics during operation. Several works can be found in the literature, in which this technique is employed to identify FC models (see [4] - [7] ), to investigate the FC response in particular conditions, useful in the design phase (see [8] - [13] ), and to identify nonproper operation and fault conditions (see [14] - [17] ).
Depending on the aim of the analysis, measured impedance spectra can be fitted by suitable models to identify relevant parameters related to the features under investigation. As an example, the high-frequency limit impedance is usually interpreted as the equivalent ohmic resistance of the FC, whose value is a good indicator of the membrane humidity and it can be used for diagnostic purposes [16] - [18] .
An accurate measurement uncertainty evaluation for such parameters is always important to correctly recognize whether an observed variation of their values is significant or not, thus avoiding possible misinterpretation of measurement results. While the type-B uncertainty associated with instrumentation is usually reasonably low even with low-cost instrumentation, a type-A evaluation is likely to provide a higher uncertainty value, especially at low frequency, due to uncontrollable variability of FC internal conditions, mainly related to membrane humidity [19] .
Such great impedance variability appearing at low frequency can be explained considering that the low-frequency response is determined by several processes, thus it depends on several quantities, each of them characterized by its own variability. For this reason, when equivalent circuit parameters are identified from impedance spectrum fitting, the uncertainty of the parameters associated with the low-frequency part of the circuit could be greatly overestimated, unless correlation between impedance measurements at different frequencies is correctly considered.
However, such correlation analysis is often quite critical, since uncontrolled parameter variations occur also during the acquisition of a single impedance spectrum, particularly when the frequency range is extended down to very low frequencies, requiring longer acquisition time. This means that the correlation between impedance measurements at different frequencies cannot be correctly evaluated if they are measured at different times, as in classic frequency response analysis employing single-sine excitation signals with stepwise frequency sweep. Moreover, at low frequency, the time scale of the abovementioned variations might become comparable with the period of the excitation signal, meaning that the system cannot be considered in stationary conditions either during the single impedance measurement at that frequency.
Nonstationary systems introduce distortions in the output waveform that can lead to completely meaningless impedance measurements when the time scale of system variations is comparable with the excitation signal period. For this reason, some papers in the literature state that accurate impedance measurements at low frequency are not possible because of instabilities in FC operation (see [8] , [15] ). However, depending on the cause of the system nonstationarity, a correct interpretation of EIS measurements might still be possible using more complex measurement techniques and mathematical tools for data processing. Possible solutions have already been proposed (see [20] , [21] ), applicable in particular conditions. A deeper review of the state of the art on this topic is presented in Section II.
Within this framework, the aim of this paper is to present a possible method to compensate humidity-related instabilities of PEM FC operation appearing as uncontrollable slow variations of the equivalent ohmic resistance (on time scales from seconds to tens of seconds). This compensation is carried out in the time domain by means of a continuous ohmic resistance measurement obtained by a high-frequency excitation signal superimposed to the main perturbation signal employed for EIS. In addition to improving low-frequency impedance measurements by eliminating the abovementioned waveform distortions, this method also allows a more correct uncertainty evaluation of low-frequency equivalent circuit parameters identified from impedance measurements.
After a brief analysis of typical humidity-related instabilities occurring on a PEM FC and the different ways in which they affect impedance measurements (Section III), the proposed method is presented in Section IV, and the results of the experimental validation on a single PEM FC are reported in Section V.
II. EIS MEASUREMENTS ON NONSTATIONARY SYSTEMS
The validity of a frequency response model of a system relies on three main assumptions that the system must satisfy: linearity, causality, and stationarity. Strictly speaking, none of these are generally verified by an FC, which is an active nonlinear electrochemical device. Nevertheless, from a practical point of view, linearity can be ensured by applying small perturbations to the system, and causality and stationarity can often be considered satisfied, provided that the system has reached a stable equilibrium condition.
Unfortunately, however, in several cases, the equilibrium reached by the FC after all transients associated with relaxation phenomena have ended is not stable and significant variations of the cell internal conditions still occur (a typical example concerns the membrane humidity, as discussed in the next section). In this case, the validity of the stationarity assumption depends on the time scale of these variations compared with the measurement time, which typically ranges from tens of seconds to several minutes, depending on the chosen frequency range and desired accuracy. If the system does not vary much during this time (so that no significant distortion appears in the response waveform), it can be considered in quasi-stationary conditions and the Fourier analysis can be applied without significant errors.
Classic EIS analysis employs single-sine excitation signals, superimposed to the FC current (or voltage) usually by properly controlled electronic loads. The frequency is changed after each impedance measurement to acquire the whole spectrum in the desired frequency range and with the desired number of points. This approach has two important advantages. First, it allows the highest signal-to-noise ratio for each frequency, as the whole signal power is concentrated in one harmonic component, and therefore it allows to find the best tradeoff between the requirement of linear response (i.e., small perturbation) and low uncertainty of the impedance measurement. Second, it is easily implemented without the need of memory-and time-consuming algorithms for data processing, e.g., the lock-in amplification technique is able to provide accurate measurements with high noise immunity using simple and low-cost instrumentation [22] .
On the other hand, the main drawback of the singlesine technique is the long measurement time required to measure the whole impedance spectrum, which becomes a critical problem for a nonstationary system, according to what stated above. To reduce the measurement time, techniques based on multisine signals were developed [23] - [27] , so that impedances at different frequencies are simultaneously measured. Alternative solutions to the multisine signals involve other periodic waveforms, such as chirp signal, maximum length binary sequence, and discrete binary sequence [28] . It is worth mentioning that the use of periodic waveforms is generally preferred as it avoids leakage errors, but also aperiodic waveforms can be used, such as white noise [29] . Finally, another approach to reduce the measurement time is the identification of impedance values by time-domain fitting of the current and voltage waveforms, so that an integer number of periods is not required [30] .
The minimization of the measurement time is useful if it allows to consider the system in quasi-stationary conditions. However, when this approximation is not justified because of significant system variations during a single-frequency impedance measurement, the Fourier transform cannot be applied and more complex mathematical tools are required. Several approaches are known for EIS measurement validation, allowing to recognize the experimental data affected by nonstationary conditions. Among these, the most commonly employed are the Kramers-Kronig transforms [31] , [32] and the comparison between input and output signal spectra to detect the appearance of nonexcited harmonics in the output spectrum [26] , [33] .
Once nonstationary conditions have been recognized, correction methods need to be applied, when possible. When an impedance spectrum does not meet the stationarity condition because the impedances at different frequencies are measured at different times (with classic single-sine signals), but each impedance measurement can be considered valid, a simple correction method is based on time-domain interpolation of several spectra acquired consecutively, so that the impedance spectrum at a single instant can be estimated [34] , [35] .
On the other hand, when nonstationarity affects the validity of the single impedance measurement obtained by classic Fourier analysis, other approaches are necessary. In [34] , a new mathematical operator is defined, called rotating Fourier transform, able to estimate instantaneous impedance values. On the contrary, a different approach still based on classic Fourier transform is proposed in [21] . In this case, the time dependence of system parameters is included in the model using proper functions as time-varying gains, and the experimental output spectrum is fitted by this model in the frequency domain, so that the instantaneous impedance can be identified. Finally, in [20] , a two-cell method is proposed for a time-domain compensation of nonstationarity due to relaxation phenomena, based on the measurement of such relaxation transients on another identical system, not subjected to the ac perturbation.
Similarly to the last mentioned approach, the basis of the method proposed in this paper for PEM FCs is a time-domain compensation of the cause of the nonstationary response. However, in this case, it is not related to relaxation transients, but to ohmic resistance variations due to humidity-related instabilities, and its compensation does not require another identical FC. In more details, the idea is to remove the voltage drop associated with the time-varying ohmic resistance from the output voltage, and therefore to identify the impedance of the remaining part of the equivalent circuit (to which the stationarity hypothesis applies), using classic Fourier analysis.
Before analyzing the details of the measurement method, a brief explanation of FC humidity-related instabilities and their effect on impedance measurements is presented in the next section.
III. ANALYSIS OF LOW-FREQUENCY INSTABILITIES
The membrane humidity is a very important parameter for PEM FC operation, particularly in the current technologies, which mainly utilize perfluorosulfonic acid (PFSA) membranes (Nafion is the prototypical example) [36] . Indeed, PFSA membrane conductivity is very sensitive to humidity content and this, in turn, has an influence on the efficiency of the electrochemical reactions [37] because it strongly affects the equivalent ohmic resistance, which is mainly governed just by the membrane ionic conductivity, being the resistance of electronic conductors (such as gas diffusion layer and catalyst layer) and contact resistances typically negligible [9] .
Membrane humidity is generally guaranteed by humidification of inlet gases and by the water generated at the cathode by the oxygen reduction reaction; however, during cell operation, there is a massive water movement from anode to cathode (by electro-osmotic drag) and from cathode to anode (by water concentration gradient driven back diffusion), without considering pressure driven hydraulic permeation in the case of pressure gradient between the anode and cathode. In view of such a complex interplay of water transport mechanisms, it is not easy to control the membrane water content from the external control variables, such as input gas humidity and temperature. For this reason, apparently random variations of the membrane humidity (and, consequently, of the ohmic resistance) are likely to occur during FC operation, particularly in low-humidity conditions.
The conduction mechanism in PFSA membranes may be of help to understand these variations. In general, proton transport in PFSA membranes occurs in water channels through complex forms: protons are associated to water molecules to form species like hydronium ions (H 3 O + ). Accordingly, two conductivity mechanisms are possible: the direct movement of water-proton complex species (vehicle mechanism) through the channels or the so-called Grotthuss or hopping mechanism, where proton-accepting chemical species, such as water or phosphoric acid [38] , form a bridge for protons that jump from one species to the nearest one. The two mechanisms may be concomitant, but the first one is more accredited to be the one occurring in low degrees of hydration, whereas the second one at high levels of hydration. Anyway, in both cases, water is necessary for proton transport and water channels within the polymer should create a percolation path between the electrodes.
In fully humidified conditions, any path can conduct the protons, so the membrane conductivity is optimal, but when water saturation decreases more and more paths become useless. Then, in such condition, water diffusion through them may be the controlling factor of changes in ohmic resistance, even in apparently pseudostationary operating conditions, i.e., without any variation of external parameters, such as temperature or inlet gas humidity. A rough estimate of the time scale of water front advancement in the membrane can be done: the water concentration gradient within the membrane depends on the water diffusion coefficient (D) and the membrane thickness (L). Then, considering typical D (10 −11 -10 −10 m 2 /s) and L values (10-10 2 μm), the time scale of the process (L 2 /D) is in the order of 10-10 2 s [39] , so it is comparable with the measurement time of typical impedance spectra acquisition.
In conclusion, when the membrane is well humidified (close to the saturation value), small humidity variations do not produce any significant ohmic resistance variation, but they might produce temporary flooding (localized outside the membrane in the gas diffusion layer or catalyst layer) with consequent significant voltage drop for a very short time (typically less than 1 s). This phenomenon does not represent a problem from the measurement point of view because it is easily recognizable and the measurement can be repeated after a very short time (a few seconds). On the contrary, when the membrane humidity is lower than the saturation level (a condition that is frequently adopted in practice to reduce flooding occurrence due to unexpected operating fluctuations), uncontrolled humidity variations produce a continuous ohmic resistance variation that affects impedance measurements, particularly at low frequency for the reasons explained above.
According to the equivalent circuit shown in Fig. 1 , which is commonly employed to describe the linearized PEM FC behavior around an equilibrium point [1] , a variation of the ohmic resistance R ohm produces a shift of the whole impedance spectrum along the real axis, so that all the impedance measurements at different frequencies are affected by this variation, as shown in Fig. 2 . Moreover, as already discussed in the previous sections, when significant variations occur during a single impedance measurement, the meaning of the impedance measurement itself is lost and this prevents from measuring low-frequency impedances that could provide relevant information about important processes [1] , [5] . Typical values of the equivalent circuit parameters in Fig. 1 and ohmic resistance variation are reported in Section V for the FC employed for the experimental analysis in this paper.
IV. PROPOSED METHOD FOR THE COMPENSATION OF OHMIC RESISTANCE VARIATIONS
The FC ohmic resistance is generally evaluated as the highfrequency limit value of the impedance spectrum, according to the equivalent circuit of Fig. 1 , or similar ones. For this reason, it can be measured via impedance measurement at a single high frequency, being the real part of the impedance at this frequency a good estimate of the ohmic resistance. This method is known as high-frequency resistance measurement [18] and it is widely used, particularly for diagnostic purposes [17] , because it is simpler and extremely faster than the acquisition of the whole impedance spectrum; in addition, the perturbation signal can be generated by power converters without requiring complex and expensive instrumentation [40] . Typical employed frequencies are in the range from 1 to 10 kHz.
While such high-frequency measurement is commonly performed for diagnostic purposes, here it is proposed as a possible approach to compensate the FC instability associated with ohmic resistance variation. The high-frequency resistance measurement can be performed simultaneously with classic single-sine (or multisine) EIS analysis, by superimposing the high-frequency excitation signal to the main signal used for EIS, thus allowing us to monitor the ohmic resistance variation during low-frequency impedance measurements and eliminate the distortion that it produces on the response voltage waveform, to achieve accurate measurements also in nonstationary conditions.
It is important to note that the addition of this highfrequency component to the excitation signal can increase the overall perturbation peak-to-peak amplitude with no consequence for what concerns the linearity requirement, being the high-frequency response of the FC practically linear, as it corresponds to the ohmic resistance. The nonlinear part of the equivalent circuit (associated with activation and transport processes) acts as a short circuit in response to highfrequency current perturbations and it provides no contribution to the overall voltage waveform. Therefore, the high-frequency resistance measurement performed simultaneously with EIS does not require to worsen the signal-to-noise ratio of the signals used for impedance spectroscopy, thus it does not increase the measured impedance uncertainty. Moreover, for the same reason of linear behavior, the signal-to-noise ratio of the high-frequency signal can be even higher than the low-frequency one, thus allowing us to obtain quite accurate resistance measurements.
Another important advantage of high-frequency resistance measurement is the very small time resolution, arising from the small period of the high-frequency excitation signal, which allows a very good monitoring of ohmic resistance variations, typically occurring on time scales of several seconds.
The only requirement for accurate measurements is that the maximum frequency used for EIS is much lower (let us say, two decades below) than the high frequency used for ohmic resistance measurement, so that no significant leakage errors arise when applying the Fourier transform to a single period (or a few periods) of the high-frequency signal component. However, this requirement does not represent a limitation for the proposed method, because the ohmic resistance compensation is only necessary for low-frequency impedance measurements, whose acquisition time is long enough to allow the ohmic resistance to change. On the contrary, impedances at higher frequencies can be accurately measured without the proposed compensation technique, since the system can be considered in quasi-stationary conditions on these short time scales.
For the experimental analysis reported in this paper, the proposed method was applied for single-sine impedance measurements at 10 and 100 mHz, using a 1-kHz sine wave for ohmic resistance measurements. Another harmonic component at 40 Hz was added to the excitation signal to experimentally verify that the instabilities appearing in the FC voltage are only due to ohmic resistance variations and that they only produce a shift of the whole impedance spectrum along the real axis, in agreement with the approximation of the equivalent circuit in Fig. 1 (or any other circuit in which R ohm is a series resistance). If this is true, no significant variation is expected in the imaginary part of lower frequency impedances. The value of 40 Hz was chosen because it is close to the expected frequency corresponding to the maximum of the impedance imaginary part, for the FC under test.
Because of the 40-Hz component in the excitation signal, the chosen time window for the 1-kHz and 40-Hz impedance calculation is 100 ms, containing 100 and 4 periods of the 1-kHz and 40-Hz harmonics, respectively. This choice allows to use a fourth-order window to reduce leakage errors in the Fourier transform, and it guarantees a proper time resolution (100 ms) for the ohmic resistance measurement. Such ohmic resistance measurement together with the FC current measurement allows, then, to calculate the ohmic voltage drop R ohm i , which can be removed from the measured voltage waveform; so, it is possible to calculate the impedance of the low-frequency part of the equivalent circuit without the ohmic resistance contribution that has been independently measured. In symbols 
The signs in (1) and (2) are in agreement with the voltage and current sign conventions shown in Fig. 1 .
V. EXPERIMENTAL RESULTS
The experimental validation of the proposed measurement method was carried out on a single PEM FC (FC Technologies) composed of commercial materials. In more details, a commercial Nafion 212 membrane with 23-cm 2 area and 50-μm thickness was employed as electrolyte, together with a commercial gas diffusion electrode reference sample (E-TEK LT140). A photograph of the experimental setup is shown in Fig. 3 .
The cell was fed with pure hydrogen and air at the anode and cathode, respectively, with constant flow rates of 0.2 Nl/min for hydrogen and 1.0 Nl/min for air (corresponding to a stoichiometric ratio of 1.2/2.0 A/C @ 1 A/cm 2 ), controlled by calibrated flow meters. The input gas humidity was controlled by saturators: the gas was fully humidified at a controllable temperature, so that the desired relative humidity was obtained when the gas entered the cell, whose temperature was kept constant at 60°C. Equal relative humidities were set for hydrogen and air, in particular 60% or 100% for the experimental analysis reported here. Typical FC parameters in the operating conditions chosen for the tests are summarized in Table I , with reference to the equivalent circuit of Fig. 1 .
The FC output current was imposed by an electronic load (TDI RBL488-50-150-800) according to a reference signal generated by a 16-bit multifunction data acquisition (DAQ) system (NI 6251), containing both dc and ac components. The same DAQ system was also employed to acquire the FC voltage and the current measurement provided by the electronic load as a voltage signal proportional to the FC current. Both signals were acquired with 5 · 10 5 samples/s sampling frequency. The FC impedance was then calculated as complex ratio of the voltage and current spectra, which in turn were obtained by applying the discrete Fourier transform on these sampled signals. A diagram of the measurement circuit is shown in Fig. 4 .
The voltage and current uncertainties can be estimated from the DAQ and electronic load specifications, which provide accuracy and resolution. In the measurement ranges employed for the tests reported here, the main voltage uncertainty contribution arises from the DAQ accuracy (1.8 mV), providing a 1.1-mV uncertainty, while the main contribution for current is given by the load accuracy (100 mA), providing a 58-mA uncertainty.
All tests were performed at a medium dc (8.8 A, corresponding to 0.38 A/cm 2 ), to avoid high water production from the chemical reaction, so that the membrane humidity could be better controlled by the input gas humidity. As anticipated, two humidity levels were chosen, 60% and 100%. The ac perturbation contained a low-frequency component (10 or 100 mHz) with 200-mA peak-to-peak amplitude and two high-frequency components (40 Hz and 1 kHz), each of them with 500-mA peak-to-peak amplitude.
The first test was performed at 100% relative humidity. The FC voltage response to a 100-mHz current perturbation is shown in Fig. 5 , together with the impedance values of the low-frequency circuit for each period (corresponding to the sum of transport and activation resistances), while the Fig. 6 . Impedance real and imaginary parts at 1 kHz and 40 Hz, respectively, when a 100-mHz current perturbation is applied at 100% relative humidity.
ohmic resistance and the imaginary part of the impedance at 40 Hz are shown in Fig. 6 . The impedance of the lowfrequency circuit is calculated as the difference between the low-frequency impedance and a constant ohmic resistance (the mean value of the measurements in Fig. 6 ). It can be observed that no significant distortions appear in the voltage waveform, in agreement with the quite stable ohmic resistance, except for a significant spike. As discussed in Section III, this spike is probably due to a temporary flooding of the membrane. It obviously affects the impedance measurement in the period containing the spike and in the following one, but this does not represent a problem from the measurement point of view because such measurements can be easily recognized and discarded. The standard deviation of the other 10 measurements shown in Fig. 5 is 0.16 m , meaning that the type-A uncertainty is reasonably low in this case.
On the contrary, a very different scenario appears at 60% relative humidity. The results obtained with a 100-mHz current perturbation are shown in Figs. 7 and 8, with the same meaning of Figs. 5 and 6. In this case, significant ohmic resistance variations (more than 0.2-m peak-to-peak) occur continuously, while the impedance imaginary part at 40 Hz is approximately constant, and consequently significant distortions are visible in the voltage waveform. If the impedance of the low-frequency circuit is calculated from the measured voltage considering a constant ohmic resistance as done above, the standard deviation of the experimental data is quite high (1.15 m ), while it decreases to a lower value (0.59 m ) if the ohmic resistance variations are compensated in the time domain according to the proposed method. This means that the type-A uncertainty evaluated in the first case would be overestimated.
It should be noted that, in this case, the voltage waveform distortion appears at frequencies smaller than the excitation frequency; therefore, an improvement of measurement results could be obtained also using proper windows to reduce leakage errors, although this technique would significantly increase the measurement time. Top: measured (black) voltage response to a 100-mHz current perturbation at 60% relative humidity and compensated (red) waveform without ohmic voltage drop. Bottom: low-frequency equivalent resistance calculated from the original (black) and compensated (red) data. Horizontal lines: the mean value and the standard deviation band. Fig. 8 . Impedance real and imaginary parts at 1 kHz and 40 Hz, respectively, when a 100-mHz current perturbation is applied at 60% relative humidity.
On the contrary, when a 10-mHz current perturbation is considered (Figs. 9 and 10) , the ohmic resistance variations occur on a time scale comparable with the period of the excitation signal, meaning that there is no more frequency separation between the applied perturbation and the ohmic resistance variation. In this case, completely meaningless results appear from the calculation of the impedance of the low-frequency circuit from the measured waveform, and neither the use of windows would improve the results. However, the proposed compensation technique provides a stable voltage waveform and almost constant impedance measurements. The standard Top: measured (black) voltage response to a 10-mHz current perturbation at 60% relative humidity and compensated (red) waveform without ohmic voltage drop. Bottom: low-frequency equivalent resistance calculated from the original (black) and compensated (red) data. Horizontal line: the mean value. Fig. 10 . Impedance real and imaginary parts at 1 kHz and 40 Hz, respectively, when a 10-mHz current perturbation is applied at 60% relative humidity. deviation has poor meaning in this case because only four values are considered, but significant information can be retrieved from the maximum difference between two impedance measurements: 14.76 and 0.97 m before and after compensation, respectively. Again, the type-A uncertainty calculated in the first case would be greatly overestimated.
VI. CONCLUSION
The problem of EIS measurements on PEM FCs in nonstationary conditions was reapproached, focusing on humidityrelated instabilities that cause significant variations of the FC equivalent ohmic resistance during low-frequency impedance measurements.
To correctly interpret impedance measurements affected by such instabilities, a new method was proposed and validated on a single PEM FC. The method is based on the continuous measurement of the ohmic resistance by means of a highfrequency sinusoidal perturbation superimposed to the excitation signal, so that the time-varying ohmic voltage drop can be calculated and removed from the output voltage waveform in the time domain. As a result, the waveform distortion due to the ohmic resistance variation is eliminated and the frequency response of the time-invariant part of the FC equivalent circuit can be then accurately evaluated with classic Fourier transform analysis.
Furthermore, this method allows to evaluate the correlation between the ohmic resistance and the low-frequency impedance, important to correctly estimate the type-A uncertainty of the low-frequency parameters identified from the impedance spectrum. Such evaluation allowed to extend the useful frequency range for EIS down to 10 mHz, with an estimated uncertainty of the low-frequency parameters, which was about one order of magnitude lower than the estimate obtained with the classic approach.
